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Introduction

Abstract
This paper presents
1. a summary of the
morphological
categorization
of cell death,
2.
results
of two in vivo studies
on the cell death
induced
by mild
hyperthermia
in rat
small
intestine
and mouse mastocytoma,
and 3. a
comparison
of the
cell
death
induced
by
hyperthermia,
radiation
and cytotoxic
drugs.
Two di_stinct
forms of cell.death,
apoptosis
and necrosis,
can be recognized
on morphologic
gro~nds.
Apoptosis
appears
to be a process
of
active
cellular
self-destruction
to which a
biolo_gically
meaningful
role
can usually
be
attributed,
whereas
necrosis
is a passive
degenerative
phenomenon
that
results
from
irreversible
cellular
injury.
Light and transmission
electron
microscopic
studies showed that lower body hyperthermia
(43°C
for 30 min) induced only apoptosis
of intestinal
epithelial
cells,
and of lymphocytes,
plasma
cells,
and eosinophils.
In the mastocytoma,
hyperthermia
(43°C for 15 min) produced widespread
tumor necrosis
and also enhanced
apoptosis
of
tumor cells.
Ionizing
radiation
and cytotoxic
drugs are
a~so known ~o induce apoptosis
in a variety
of
tissues.
It is attractive
to speculate
that DNA
damage by each agent is the common event which
triggers
the same process
of active
cellular
self-destruction
that characteristically
effects
selective
cell
deletion
in normal
tissue
homeostasis.
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The use
of
ionizing
radiation
and
chemotherapeutic
agents in human cancer treatment
is well established.
More recently,
there has
been increasing
interest
in the therapeutic
application
of hyperthermia,
either
for use alone
or to potentiate
the effects
of radiotherapy
(Field,
1984) or of chemotherapy
(Blee hen, 1984 ).
A significant
part of the effect
of these agents
is the result
of cell killing.
Until recently,
morphological
categorization
of cell death has attracted
little
attention.
It
now seems clear
that death of cells
in higher
animals
may assume
at least
two distinct
morphological
forms, necrosis and apoptosis,
which
are also
disparate
in their
incidence
and
biochemical
mechanism (Kerr et al., 1972; Wyllie
et al., 1980; Searle
et al., 1982).
Figure 1 and
Table 1 give a simplified
comparison
between
necrosis and apoptosis.
Necrosis
is the outcome
of severe
disruption
of cellular
chemical
processes
by injury
and is characterized
by
swelling
progressing
to rupture
of internal
and
plasma membranes and eventual total disintegration
of organized structure.
Its occurrence is usually
associated
with the development
of inflammation,
blood-derived
monocytes often playing an important
role
in removing
the
cellular
remnants.
Apoptosis,
in contrast,
involves
rapid
condensation
of the nucleus
and cytoplasm
with
preservation
of organelles
followed by nuclear and
surface budding to produce membrane-bounded
cell
fragments
(apoptotic
bodies),
which
are
phagocytosed
intact
and digested
by surrounding
resident
cells.
There
is
no associated
inflammation.
Apoptosis occurs in normal animals,
where it is implicated
in steady state kinetics
as
well as involutional
phenomena, and it is induced
by certain
specific
pathological
stimuli
(Kerr et
al.,
1984).
The morphological
features
of
apoptosis
suggest
a process
of active
cellular
self-destruction
rather
than degeneration
and, in
at least
some circumstances,
RNA and protein
synthesis
have been shown to be necessary for its
execution
(Cohen and Duke, 1984; Wyllie et al.,
1984).
The realization
that inferences
may be drawn
about the mechanism and biological
significance
of cell death from its ultrastructural
features
highlights
the need for detailed
morphological
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study
of cell
death
occurring
under various
different
conditions.
In this paper, we present
our light and transmission
electron
microscopic
observations
on modes of cell death induced by
mild hyperthermia
in normal rat small intestine
and in the mouse mastocytoma.
We will
then
compare the cell death induced by hyperthermia,
ionizing
radiation
and cytotoxic
drugs,
and
discuss
the implications
of the morphological
categorization
of cell death.
Experimental
hyperthermia

studies

of cell

death

APOPTOSIS
PHYSIOLOGICAL & CERTAIN
PATHOLOGICAL STIMULI

_·:.~::_::·..

induced by mild
NORMAL CELL

The effective
use of hyperthermia
in cancer
therapy
depends
on an understanding
of the
response
of both normal tissue
and neoplastic
tissue
to heating,
alone or in combination
with
radiotherapy
and chemotherapy.
Hyperthermia alone
has been shown to produce tumor cell destruction
(Overgaard,
1977) and to have major deleterious
effects
on the crypts and the villi
of the small
intestine
(Hume et al.,
1979). Our light
and
transmission
electron
microscopic
studies
were
undertaken
to describe
and categorize
the cell
death induced by lower body hyperthermia
in the
crypts
and villi
of the normal
rat
small
intestine,
and in solid mouse mastocytoma nodules.
The small

CONDENSATION

PHAGOCYTOSIS

FRAGMENTATION

intestine

The early response of mouse small intestine
to mild hyperthermia
has been shown to involve the
rapid detachment and shedding of nonproliferative
villus
epithelial
cells
with recovery
of villus
architecture
by 6 to 12 hours after
heating (Hume
et al., 1979, 1983; Carr et al., 1982).
Greater
thermal exposure of the intestine
leads to loss of
intestinal
crypts
with a half-time
of about six
hours, reaching
a steady state
by 10 - 16 hours,
and showing no crypt recovery at one week (Hume et
al., 1979). Although loss of crypts
is the direct
result
of cell
killing
of the proliferative
principal
epithelial
cells
of the crypt (Hume et
al., 1983) and the occurrence
of cell death in the
villus following hyperthermia
has been reported by
Carr et al. (1982), the detailed
morphology of the
dying cells
has attracted
little
attention
and
the death has not previously
been categorized.
Materials and Methods
Thirty-two
(24 treated,
8 control)
male
Wistar
rats aged 9 to 12 months and weighing
between 400 and 500 g were used. They were housed
in standard
rat cages and fed ad libidum
with
commercial
rat pellets.
The animal house was
maintained
at 21 ± 2°C and artificial
light LD
12:12 with light
from 0600 to 1800 hours.
All
treatments
were performed
between 0800 and 1000
hours
in a laboratory
where
the ambient
temperature
was 26 ± 2 °c.
Each animal subjected
to hyperthermia
was
anesthetized
with 40 mg/kg pentobarbitone
sodium
administered
intraperitoneally,
supported
in a
wire mesh cylinder,
and suspended in heated water
to the level
of the xiphisternum.
The water
temperature
of 43.0 ± 0.05°C was maintained
by a
Julabo Paratherm II constant temperature
immersion
circulator
(Julabo Labortechnik,
Seelbach,
West
Germany)
and was constantly
checked
using a

NECROSIS

DISSOLUTION
OF ORGANELLES

PATHOLOGICAL STIMULUS

INFLAMMATION
PHAGOCYTOSIS

figure
1. Comparison of apoptosis
with necrosis.
Descriptions
of the processes
are given in Table
1 and in the text.
Laboratory
Thermometer,
Model BAT-4 (Bailey
Instruments,
Inc.
Saddle
Brook,
N.J, U.S.A.).
Tissue
tempera tu res were not moni tared in this
study.
After 30 minutes immersion,
the animals
were removed from the waterbath,
towel dried and
returned
to the holding
cage.
Control
animals
were given similar
anesthetic
and handling as the
treated
animals except that they were suspended
for 30 minutes in air, not in water.
Small intestinal
tissue
was collected
for
light
microscopy
(LM) or transmission
electron
microscopy (TEM) at the following
intervals
after
removal from the waterbath
or from suspension
in
air:
5 and 30 minutes;
1, 2, 3, 4, 6, and 24
hours.
Two treated animals at each time were used
for LM. Pairs of treated animals were used for TEM
at 5 minutes;
1, 3, and 4 hours.
Control animals
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Table 1. Corrparison

by mild

of apoptosis

hyperthermia

and necrosis.

APOPTOSIS

NECROSIS
Incidence

PHYSIOLOGICAL
cell deletion;
role opposite to mitosis:
embryonic morphogenesis
mature tissue homeostasis
involution
of adult tissues
metamorphosis
PA'IllOLOGI
CAL
. spontaneous:
in
malignant neoplasms
.induced by:
.ionizing
radiation
and
radiomimetic
cytotoxic
drugs
in rapidly proliferating
cell
populations
.mild hyperthermia
.cell mediated immunity

No physiological
homeostasis.

role

in tissue

PATHOLOGICAL
circumstances;
outcome of severe injury: e.g.,
severe ischaemia
toxins
severe hyperthermia

Mechanism
ACTIVE process of cellular
selfdestruction
requiring,
at least
in some circumstances,
RNA and
protein synthesis
for its
execution.

DEGENERATIVE
process following
irreversible
disruption
of
vital cellular
activities.

Morphological

Sequence

l.Chromatin
margination,
cytoplasmic
condensation
and
convolution
of nuclear and
cell outline are quickly
followed by

l.Swelling
of mitochrondria,
rupture of cell membranes,
disintegration
of organelles,
eventual disappearance
of
chromatin

2.Cell fragmentation
into
membrane-enclosed apoptotic
bodies without release of cell
contents into the extracellular
space.

2.Cell contents escape into the
extracellular
area and usually
invoke acute inflammation.

3.Phagocytosis
and degradation
apoptotic
bodies by resident
cells.

3.Phagocytosis
of cell debris by
monocytes; cell outline may be
preserved until phagocytosis.

of

Implications
Physiologic
role of apoptosis
suggests that the trigger
mechanism within the cell
is under fine control:
both
stimulatory
and inhibitory
factors may be involved.

No evidence
regulation.

for physiological

(H and E).
Transmission
electron
microscopy:
The
tissues
were perfusion
fixed via the thoracic
aorta with a solution
of 4% paraformaldehyde
and
5% glutaraldehyde
in 0.067 M sodium cacodylate
buffer,
pH 7.2 (Karnovsky,
1965). Segments of the
proximal,
middle, and distal
small intestine
were
removed, opened with two longitudinal
cuts, placed

were used for LM and TEM at 5 minutes; 1, 3, and 4
hours and for LM only at 6 and 24 hours.
Light
microscopy:
Animals
were
euthanased by cervical
dislocation.
Segments of
proximal, middle and distal
intestine
were removed
and placed
in Bouin's
fixative
for 24-48 hr.
After embedding in paraplast
wax, Sµm sections
were cut and stained with hematoxylin and eosin
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in fresh fixative
overnight
before
being diced
into blocks approximately
4xlxl mm. The blocks
were then washed for 24 hr in cacodylate
buffer,
postfixed
in 1% osmium tetroxide
for 2 hr, washed
in distilled
water, stained
in 5% aqueous uranyl
acetate,
dehydrated
through a series
of graded
ethanol solutions,
cleared
in propylene oxide and
embedded in an Epon/Araldite
mixture.
Sections 1 µm in thickness
were cut on an LKB
Ultratome
V and stained
with toluidine
blue for
use in light microscopy and in selecting
areas for
electron
microscopy.
Ultrathin
sections
were
picked up on uncoated
copper grids,
stained
in
lead citrate
for 1-2 minutes and examined in an
Hi ta chi H-300.
Quantitation:
The rate
of success
in
correctly
assigning
coded slides as either
treated
or control
tissue
was recorded.
Fifty
seven
random Hand E stained
sections
(three
from each
animal; 5 controls
and 14 treated
animals
from 5
minutes to 6 hours) were examined.
Each slide was
assigned as either control or treated on the basis
of the number of apoptotic
bodies in the crypts
and in the villi.
Results
The morphological
appearances
of the small
intestine
epithelia
in the control
animals
were
similar
to those of the normal small intestine
(Toner, 1968). Infrequent
spontaneous
apoptosis
of principal
epithelial
cells
of control
animals
was observed in the proliferative
compartment of
the crypt (approximately
5 apoptotic
bodies per
100 crypts),
as previously
described
(Searle et
al., 1975).
Lymphocytes,
and to a lesser
extent
eosinophils,
were prominent in the lamina propria
of the control villi
and were also present between
the epithelial
cells within the villus
epithelium.
Histological
evidence of cell death following
hyperthermia
was found in the crypt epithelium
(Fig. 2) and in the lamina propria and epithelium
of the villus
(Fig. 3), and displayed
the features
of apoptosis
(Wyllie et al., 1980; Searle et al.,
1982; Kerr et al.,
1984, 1986).
The apoptotic
bodies were rounded in shape and their cytoplasm
more intensely
stained by both toluidine
blue and
eosin.
Many contained
focally
marginated
dense
chromatin
or a small,
uniformly
dense,
nuclear
chromatin mass. Tiny apoptotic
bodies and bodies
lacking a nuclear component were frequently
seen.
Quantitatively,
the success
rates
for
correctly
assigning
slides were:
58% in 5 and 30
minute treated animals; 87% in 1 to 6 hour treated
animals; 100% in controls.
The number of apoptotic
bodies in the crypts
increased
in number by 30 minutes
and were
numerous in most crypts by 1 hour.
The incidence
of apoptotic
bodies in the crypts
increased
to 4
hours,
but were decreasing
at 6 hours and at
control
levels
by 24 hours
when the crypt
epithelial
cells appeared normal.
Small apoptotic
bodies were numerous in the
lamina propria and within the villus
epithelium
from 30 minutes
to 6 hours after
heating,
and
absent
by 24 hours.
In the villi,
confluent
detachment
of the apical
epithelial
cells
after
hyperthermia
was marked by 30 minutes, maximal by
2 to 3 hours, and greatly declining
in amount by 4
hours. There was little
histological
evidence of
significant
in situ death of villus
epithelial
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cells prior to detachment.
At 5 and 30 minutes,
numerous large cells
having the characteristic
nuclear
features
of apoptosis
were prominent
in
the luminal
space
between
adjacent
villi;
infrequently,
similar
cells were seen within the
lower
third
of the villus
epithelium.
The
frequency
of apoptotic
bodies
in the germinal
centres
of the intestinal
lymphoid follicles
was
also increased
following
heating.
Transmission
electron
microscopy
confirmed
that apoptosis
was the sole form of cell death
induced by hyperthermia
in the small intestine.
In the crypt
epithelium,
the ultrastructural
features
of apoptosis
of principal
epithelial
cells (Fig.4) were identical
in normal and treated
animals and were characteristic
of apoptosis
as
described in a variety of other tissues
(Wyllie et
al., 1980 ). Many apoptotic
bodies appeared
to be
phagocytosed
by intact
principal
cells
(Fig.5)
while others
were shed into the lumen of the
crypt, secondary degenerative
changes following
in
either situation.
The ultrastructural
features
of the cell
death within the epithelium
villus
tip and in the
lamina propria was also typical of apoptosis.
The
cells undergoing apoptosis
in the epithelium
were
most frequently
lymphocytes (Fig. 6) and much less
frequently
eosinophil
leukocytes
(Fi~
7) and
Figure 2. Intestine
µm toluidine
blue
intestinal
crypt
apoptotic
bodies,
(short
arrows)
and
(long arrow).
Bar=

4 hours post hyperthermia.
1
stained
resin
section
of
showing
large
numbers
of
some within
the epithelium
others
shed into the lumen
10 um.

Figure 3. Intestine
4 hours post hyperthermia.
1
µm toluidine
blue stained
resin
section
of the
villus
showing large numbers of apoptotic
bodies
within the epithelium
(short arrows) and within
the lamina propria
( long arrows).
Note also the
wide intercellular
spaces between the epithelial
cells.
Bar= 10 µm.
Figure 4. Intestine
1 hour post hyperthermia.
Extensive apoptosis of crypt epithelial
cells with
characteristic
condensation
and peripheral
margination
of chromatin,
and condensed cytoplasm
with compacted organelles.
Bar = 2 um.
Figure
5.
Intestinal
crypt
1 hour
post
hyperthermia.
Many phagocytosed apoptotic
bodies
in various
stages
of degradation
within
the
lysosomes
of the ingesting
intact
principal
epithelial
cells.
Bar= 2 um.
Figure
6.
Intestinal
villus
1 hour
post
hyperthermia
showing
three
apoptotic
bodies
(arrows) derived from lymphocytes.
Note the wide
intercellular
spaces betweem the epithelial
cells
(Ep). Bar = 2 um.
Figure
7.
Intestinal
villus
4 hours
post
hyperthermia.
Within the villus
epithelium
are
two apoptotic
bodies,
one derived
from an
eosinophil
(Ap 1) and the other from a lymphocyte
(Ap 2).
Abnormally
wide intercellular
spaces
between epithelial
cells
(Ep) are evident.
Bar=
2 um.
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plasma cells.
In the lamina propria,
lymphocytes
(Fig.
8),
eosinophils
(Fig.
8),
and less
frequently
plasma cells
(Fig. 9) were affected.
Widening
of the intercellular
spaces
between
villus
epithelial
cells
was common (Figs. 3, 6,
and 7 ). At 5 and 30 minutes after
heating,
some
epithelial
cells in the lower third of the villus
displayed
features
typical
of apoptosis,
and many
of these apoptotic
cells were shed into the lumen
(Fig.
10) where
they
underwent
secondary
degenerative
changes.
Necrosis
was not observed
in the small
intestine
following
hyperthermia
and the tissue
changes
following
hyperthermia
were
not
accompanied by an inflammatory
reaction.
Discussion
Spontaneous
deletion
of cells
by apoptosis
has been described previously
in the normal small
intestinal
crypt
(Searle
et el.,
1975; Potten,
1977) and in a variety
of other adult mammalian
tissues
such as lymphoid
germinal
centres
(Swartzendruber
and Congdon, 1963), spermatogonia
in the seminiferous
epithelium
(Allan et al.,
1986),
liver
epithelium
(Kerr,
1965, 1971),
adrenal cortex (Wyllie et al.,
1973) and prostate
(Kerr and Searle,
1973).
The factors
controlling
such spontaneous
apoptosis
in normal tissues
are
not known (Hinsull and Bellamy, 1981) although it
appears
to play
a role
opposite
to that of
mitosis
in tissue
homeostasis
(Wyllie
et al.,
1980).
The histological
and ultrastructural
features
of the cell death induced by hyperthermia
in this
study are typical
of apoptosis
(Wyllie et al.,
1980; Kerr et al.,
1986).
Cells
showing
the
morphological
features
of necrosis
(Trump and
Ginn, 1969; Reimer et al.,
1972; Trump et al.,
1973) were not detected.
A possible
source of
confusion in the ultrastructural
categorization
of
cell
death is the development
of degenerative
changes in apoptotic
bodies subsequent
to their
phagocytosis,
and it must be conceded that it is
sometimes
impossible
to distinguish
between
phagocytosed
remnants
of apoptotic
and necrotic
cells
(Wyllie,
1981 ). However, cells
undergoing
necrosis
do not, at any stage,
show the sharplydefined chromatin compaction
that characterizes
apoptosis,
and systematic
electron
microscopy
usually allows the type of cell death occurring in
a particular
situation
to be determined
with
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Figure 8. Intestine
4 hours post hyperthermia
showing extensive apoptosis
in the lamina propria.
Two apoptotic
bodies (arrowed)
are derived from
lymphocytes
and a third
(lower
left)
is of
eosinophilic
origin.
Bar = 1 .um.
Figure
9. Intestine
1 hour post hyperthermi~
Macrophage
(Ma) within
the lamina
propria
containing
a recently
phagocytosed
apoptotic
body
(Ab) of plasma cell origin.
Bar= 2 .um.
Figure 10. Intestine
5 minutes post hyperthermia.
Group of epithelial
cells that have been shed from
the lower third
of the villus
into the lumen.
Three of the cells
show the characteristic
early
nuclear
changes of apoptosis.
The fourth cell
(arrowed)
is showing more advanced changes with
marked condensation
of the cytoplasm.
Bar = 2 .um.
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Apoptosis of crypt epithelial
cells following
hyperthermia
has similar
features
to apoptosis
induced in these cells by cytotoxic
drugs (Searle
et al.,
1975) and after
irradiation
(Kerr and
Searle,
1980).
The low nucleocytoplasmic
ratio
and the presence of numerous mitochondria
in many
bodies indicated
an origin of the apoptotic
bodies
from principal
epithelial
cells
rather
than
lymphocytes.
The extensive
apoptosis
in the crypt
soon after
heating
is in accord with the rapid
crypt loss described
by Hume et al.(1979).
Apoptosis
of villus
epithelial
cells
was
confined
to the lower part of the villus
and to
very early times after
heating.
The role of this
death
in producing
the
changes
in villus
architecture
seen by SEM (Carr et al., 1982) after
hyperthermia
is unknown. In our study, cell death
did not appear to have a prominent
role in the
mechanism
of epithelial
shedding
following
hyperthermia.
Mild hyperthermia
has been shown to induce
apoptosis
in developing guinea pig neuroepithelium
(Wanner et al., 1976) and in certain
proliferating
spermatogonia
in rat seminiferous
epithelium
(Allan
et al.,
1986).
The hyperthermic
load
necessary to induce apoptosis
of spermatogonia
and
of crypt epithelial
cells appears
to be similar.
Hume et al.(1983)
found a marked reduction
in
crypt
numbers
when the exteriorized
mouse
intestine
was heated at 43°C for 30 minutes,
but
no effect
if heating
was limited
to 20 minutes.
In our experience,
apoptosis
of spermatogonia
is
induced by testicular
heating
for 30 minutes
in
43°C water, but not by 15 minutes exposure.
Mouse mastocytoma
Spontaneous apoptosis,
sometimes widespread,
has been reported
in a variety
of malignant
neoplasms
(Kerr et al. 1986), and the occurrence
of a high rate of apoptosis
in neoplasms
with a
large
cell loss factor
(Kerr and Searle,
1972)
indicates
that apoptosis
may account for much of
the continuous,
spontaneous
cell
loss that is
characteristic
of neoplasms (Iversen,
1967; Refsum
and Berdal, 1967; Steel,
1967). Necrosis commonly
occurs
spontaneously
in malignant
neoplasms,
particularly
affecting
the central
area of large
tumors (Kerr et al., 1986).
Many morphological
studies
have demonstrated
that confluent
necrosis
is markedly
enhanced
in tumors
following
hyperthermia
(Overgaard,
1976; Fajardo
et al.,
1980 ).
In spite
of the possible
kinetic
significance
of apoptosis
in tumor regression
following
hyperthermia,
there
have been no
reported studies on the occurrence of apoptosis
in
tumors following hyperthermia.
Materials
and Methods
Twelve DBA/2 mice (six controls
and six
treated)
were used and were maintained
under the
conditions
described
in the previous
sectio~
Each animal was inoculated
in one thigh muscle
with approximately
5xl0 6 mastocytoma P-815 x 2.1
cells
suspended
in 0.05 ml of sterile
normal
saline.
At the time of the experiment,
seven days
after
inoculation,
the tumor nodules
were
approximately
5 x 7 mm in size.
All animals were anesthetized
with 40 mg/kg

by mild

hyperthermia

pentobarbitone
sodium
administered
intraperitoneally
and the six treated
animals
were
suspended to the level of the xiphisternum
in 43°C
water (same apparatus as described
in the previous
experiment)
for 15 minutes
then removed from the
bath,
towel dried and returned
to the holding
cage.
Control animals were suspended in air, not
water.
Tumor tissue
was collected
4 hr (4 treated
and 4 control
animals)
and 24 hr (2 treated
and 2
control
animals) after
immersion,
processed,
and
examined
by light
and transmission
electron
microscopy,
using the methods described
in the
previous section.
Quantitation:
The rate
of success
in
correctly
assigning
coded slides as either
treated
or control tumor was recorded.
Forty random 1 pm
toluidine
blue sections
(five
from each 4 hr
treated
and control animal ) were examined under
oil immersion.
Each section
was assigned
as
either
control
or treated
on the basis
of the
number of early apoptotic
bodies in eight high
power fields
of non-necrotic
tissue.
An early
apoptotic
body was identified
as one having the
characteristic
condensed nuclear chromatin sharply
compacted against the nuclear membrane.
Results
The mastocytomas
were growing
as solid
nodules in the hi ndleg muscle of the mice at the
site of tumor inoculation.
They consisted
of a
mass of densely packed neoplastic
cells
(Fig. 11)
which were supported by small amounts of fibrous
tissue
stroma.
Interspersed
with these tumor
cells were occasional
leukocytes
and macrophages.
Within the untreated
tumors were one or more small
areas of confluent
necrosis,
usually
centrally
located.
Spontaneous tumor cell death, by either
apoptosis
or by the formation
of dark cells
(Johannisson,
1968), was present
throughout
the
viable
regions
of the tumor,
and affected
scattered
single cells,
or small groups of cells
(Fig. 11 ).
Following
hyperthermia,
necrosis
was more
widespread
than in controls,
affecting
a larger
area of centrally
located cells (Fig. 12), as well
as peripherally
located
tumor cells
(Fig. 13).
However,
large
groups of tumor cells
did not
undergo
cell
death
and,
at 24 hours
after
treatment,
appeared morphologically
normal.
Death
of tumor cells
by apoptosis
was enhanced by the
hyperthermia
(Fig. 14). Quantitation
of treated
(4 hr after
immersion)
and control
material
verified
the qualitative
observations.
Coded
sections were correctly
assigned as treated in 90%
of cases and as control in 80% of cases.
Transmission
EM of control
tumors confirmed
the spontaneous
occurrence
of both necrosis
and
apoptosis
(Fi~
15) of tumor cells.
Following
hyperthermia,
deletion
(death) of tumor cells also
assumed both forms.
Necrotic
cells
displayed
characteristic
ultrastructural
features
with
cellular
swelling,
rupture of plasma and organelle
membranes,
and eventual
disintegration
of
organized
structure
(Fig. 16). Tumor cells
(Fig.
17), lymphocytes
(Fig. 18) and, less frequently,
eosinophils
underwent
changes
typical
of
apoptosis.
These
apoptotic
bodies
were
phagocytosed
by macrophages
(Fig.
17) or
surrounding
unaffected
tumor cells,
and degraded
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within phagolysosomes.
Discussion
Spontaneous apoptosis
has been reported
in a
variety
of malignant neoplasms,
occurring
in very
small as well as larger
tumor masses,
and is
probably associated
with multiple
factors
(Kerr et
al.,
1986).
In addition
to intrinsic
tumor
regulatory
mechanisms,
local
enhancement
of
apoptosis
by mild ischemia
near patches
of
necrosis
(Sheridan
et al.,
1981) and localized
immunological
induction
in areas of lymphocytic
infiltration
(Curson and Weedon, 1979) may also be
involved.
Ionizing
radiation
(Kerr and Searle,
1980) and cytotoxic
drugs (Searle
et al., 1975)
have been reported
to enhance
apoptosis
in
malignant neoplasms.
In the heated
tumors,
necrosis
noticeably
affected
more
tumor volume than in controls
confirming
the findings
of Overgaard
(1976),
Fajardo et al. (1980).
Heat-induced
apoptosis
of tumor cells,
and
also of lymphocytes
and eosinophils
within
a
tumor,
has not previously
been
reported.
Apoptosis
of tumor cells
after
heating
was
morphologically
similar
to that
occurring
spontaneously
in the tumors.
Methodological
difficulties
for the precise
quantification
of
treatment-induced
apoptosis
in tumor
cell
populations
arise
because
of the heterogenous
cellular
composition of tumors, and because of the
characteristics
of the process
of apoptosis.
Factors
that
contribute
to the inconspicuous
nature of apoptosis
in many tissues,
particularly
when examined
by light
microscopy,include:
scattered,
single cells affected,
the rapidity
of
the cell fragmentation,
the small size of many
apoptotic
bodies,
and the quick removal of the
bodies by phagocytosis
or shedding
(Kerr et al.,
1986).
The lack
of morphological
features
distinguishing
spontaneous
from induced apoptotic
bodies,
and difficulty
in precisely
determining
the cell of origin of individual
apoptotic
bodies
when different
cell types are undergoing apoptosis
simultaneously
in a tissue,
may also complicate
quantitative
assessment.
Comparison
hyperthermia,
drugs

of cell
ionizing

Figure 11. Mastocytoma,
control.
1 pm toluidine
blue stained resin section showing densely packed
neoplastic
cells.
An apoptotic
body (short
arrow),
dark cells
(long arrows),
and atrophic
striated
muscle cells
(SM) are present.
Bar = 20
).lm.

Figure 12. Mastocytoma 4 hours post hyperthermia.
1 pm toluidine
blue stained
resin
section.
An
area
from the centre
of the tumor
showing
confluent
necrosis
with complete
disruption
of
organized cellular
structure.
Bar= 20 ).lm.
Figure 13. Mastocytoma 4 hours post hyperthermia.
1 µm toluidine
blue stained section.
Necrosis of
tumor cells
at the periphery
of the tumor.
The
necrotic
tumor cells
(arrows) have paler staining
nuclei and the surrounding
cytoplasm is frequently
pale
staining
with a poorly
delineated
cell
outline due to membrane rupture.
Bar = 20 ).lm.
Figure 14. Mastocytoma 4 hours post hyperthermia.
1 µm toluidine
blue stained
resin section.
Area
of tumor showing many morphologically
normal tumor
cells.
Large numbers of apoptotic
bodies (arrows)
are present.
Bar= 20 ).lm.
Figure
15.
Mastocytoma,
control.
A budding
apoptotic
tumor cell
showing condensation
of
cytoplasm
and fragments
of compacted
nuclear
chroma tin (N ). Bar= 1 ,um.
Figure
16.
Mastocytoma
hyperthermia.
Necrotic
tumor
complete dissolution
of cellular
1 ,um.

24 hours
post
cells
(M) showing
structure.
Bar=

Figure 17. Mastocytoma 4 hours post hyperthermia.
Tumor cell showing early changes characteristic
of
apoptosis
with condensation
and margination
of
nuclear chromatin (Ap 1). A second apoptotic
body
(Ap 2 ) has been phagocytosed by a macrophage. Two
macrophages (Ma) are present.
Bar = 2 J.1m.
Figure 18. Mastocytoma 4 hours post hyperthermia.
Three apoptotic
bodies (Ap) showing characteristic
early nuclear changes.
The high nucleocytoplasmic
ratio of the bodies suggests a lymphocytic origin.
A mastocytoma cell (M) with normal ultrastructural
features,
and red blood
cells
(R) are also
present.
Bar= 2 ,um.

death
induced
by mild
radiation,
and cytotoxic

Doses of ionizing
radiation
and radiomimetic
cytotoxic
drugs in the therapeutic
range induce
apoptosis,
and not
necrosis,
in rapidly
proliferating
adult cell populations
such as the
small intestinal
crypt epithelium
(Searle et al.
1975; Kerr and Searle,
1980; Ijiri
and Patten,
1983;
Bennett
et al.,
1984),
differentiating
sperma togonia
in the semini ferous
epithelium
(Allan
et al.,
1986),
and lymphoid
germinal
centres
(Searle
et al.,
1975);
in embryonic
tissues
(Wyllie
et al.,
1980); and in several
malignant neoplasms (Searle et al., 1975; Kerr and
Searle,
1980).
In the present
study,
mild
hyperthermia
produced
similar
enhancement
of
apoptosis
in proliferating
cell populations
of the
small intestine,
in lymphoid germinal centres,
and
in neoplastic
cells
of the mastocytoma.
Mild
hyperthermia
has also
been shown to induce
apoptosis
in certain
spermatogonia
(Allan et al.,

1986) and in developing guinea-pig
neuroepithelium
(Wanner
et al.,
1976).
Cells
at differing
positions
in hierarchical
cell
lineages
show
varying
sensitivities
to the different
agents
(Ijiri
and Potten,
1983; Allan et al., 1986) but
the reason for the differential
sensitivities
is
unknown.
Non-proliferating
lymphoid
cells
undergo
apoptosis
following exposure to ionizing radiation
(Ohyama et al., 1985) and Searle
et al. (1975)
reported
apoptosis
of eosinophil
leukocytes
and
plasma cells
in the small
intestine
following
large doses of cycloheximide.
Our studies
show
that hyperthermia
also induces apoptosis
in these
cell
types.
In the salivary
gland,
nonproliferating
acinar
cells
have been shown to
undergo apoptosis
following
x-irradiation
(Pratt
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and Sodicoff,
1972) while evidence
in this study
indicates
that hyperthermia
may induce
apoptosis
in non-proliferating
villus
epithelial
cells.
Recognition
that apoptosis
may be induced by
hyperthermia,
ionizing
radiation
and cytotoxic
drugs
in a variety
of tissues,
suggests
that
a
common mode of initiation
may be involved.
Heat
has been shown to produce
DNA lesions
during
the
heat-sensitive
S-phase
of the cell cycle (Westra
and Dewey, 1971; Warters
and Roti Roti,
1982) and
DNA damage
is also
known
to be produced
by
ionizing
radiation
and radiomimetic
cytotoxic
drugs.
The production
of DNA abnormalities
in
proliferating
cell populations
may, in each case,
be the
trigger
which
induces
apoptosis
of
susceptible
cells.
Mild hyperthermia,
in contrast
to doses of
ionizing
radiation
and cytotoxic
drugs
in the
therapeutic
range,
may produce necrosis,
as well
as apoptosis,
in neoplastic
or normal
tissues.
Necrosis
and apoptosis
were observed
in this study
in the parenchymal
cells
of the
mastocytoma
following
mild hyperthermia.
In the seminiferous
epithelium,
minimal
hyperthermia
(core
body
temperature
or above)
induces
classical
necrosis
in
certain,
exquisitely
heat-sensitive
spermatocytes
and spermatids
in the unique
environment
of the adluminal
compartment
of the
tubule.
Mild to moderate
testicular
hyperthermia
(e.g.,
43°C
waterbath
for
30 min)
induces
apoptosis,
not necrosis,
in selected
rapidly
proliferating
spermatogonia
which may be located
in the same seminiferous
tubule as spermatocytes
and spermatids
undergoing
necrosis
( Allan et al.,
1986).
The reason
for the extreme
sensitivity
of
certain
spermatocytes
and
spermatids
to
hyperthermia
is uncertain.
That their
death takes
the
form
of necrosis
indicates
that
its
pathogenesis
may be different
from death
of
spermatogonia
induced
by heat,
and it has been
suggested
that it may be the result
of membrane
damage (Blackshaw and Hamilton,
1970; Blackshaw et
al.,
1973).
Many different
intracellular
targets,
such as
the
nucleus,
cellular
membranes,
and
cytoplasmic
organelles,
have been suggested
and
many mechanisms
proposed
to explain
heat-induced
necrosis
(Overgaard,
1977; Dewey et al.,
1980;
Fajardo
et al.,
1980; Lepock,
1982; Warters
and
Roti Roti,
1982 ). Factors
such as hypoxia,
low
pH, nutrient
deficiency
and ischemia
are known to
sensitize
cells
to the effects
of hyperthermia
(Field,
1984) and this supports
the evidence
that
in
the
pathogenesis
of
necrosis,
severe
disturbances
of cellular
environment
play a major
role (Trump et al., 1981; Wyllie,
1981).
Discussion
Mild hyperthermia,
ionizing
radiation
and
cytotoxic
drugs may induce apoptosis
in a variety
of
tissues.
Apoptosis
appears
to be an
intrinsically
program
med mechanism
that
is
involved
in controlled,
selective
deletion
of
cells.
In the physiological
and pathological
circumstances
under which apoptosis
has been found
to occur,
a biologically
meaningful
function
for
the cell
deletion
is usually
apparent
(Kerr et
al.,
1986).

and B.V. Harmon
During
normal
embryonic
and
fetal
development,
cell
death by apoptosis
is involved
in the
morphogenesis
of tissues
and organs
(Gllicksmann,
1951; Saunders,
1966) such as during
the formation
of intestinal
villi
(Harmon et al.,
1984).
Spontaneous
deletion
of cells
by apoptosis
occurs
in many adult
cell
populations,
both
rapidly
proliferating
such as gut crypts
(Searle
et al.,
1975;
Potten,
1977) and spermatogonia
(Allan
et al.,
1986),
and slowly
proliferating
such as liver
epithelium
(Kerr,
1965, 1971) and
prostate
(Kerr
and Searle,
1973).
In
adult
tissue,
apoptosis
has been shown to balance
net
cell
gain
by mitosis
(Wyllie
et al.,
1980).
Normal
involution
of endocrine-dependent
tissues
deprived
of trophic
hormones is effected
by a wave
of apoptosis
as in human breast
at the end of the
menstrual
cycle
(Ferguson
and Anderson,
1981).
Wherever
tissue
shrinkage
occurs
in a coherent
fashion,
without
inflammation
or scarring,
apoptosis,
not necrosis,
appears
to be the method
of cell
deletion
(Kerr
et al.,
1986).
Cell
mediated
immune killing
is effected
by apotosis
(Kerr et al.,
1986);
its homeostatic
role
being
protective
immune surveillance
which may cause
elimination
of virus-infected
cells
or transformed
cells
(Berke,
1985).
Mild hyperthermia,
ionizing
radiation
and
cytotoxic
drugs
are each
associated
with
a
capacity
to damage
DN~
It is attractive
to
speculate
that
DNA damage
by these
agents
activates
the physiological
process
of selective
cellular
self-destruction
by apoptosis.
Selective
elimination
of cells
with DNA abnormalities
would
be of biological
advantage
and could be seen as an
extension
of the normal
homeostatic
role
of
apoptosis.
Triggering
of apoptosis
in cells
with
gene tic
errors
would
eliminate
the defective
genomes
by cleavage
of the aberrant
DNA and
removal of the abnormal
cells
without
impairment
of overall
tissue
architecture.
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hyperthermia-induced
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There is massive
cell
death
in
the thymus,
seemingly
as part of its physiological
functioning.
Have the authors
investigated
this
phenomenon
and do they
consider
it
would
be
categorized
as an apoptotic
or necrotic
process?
Authors:
Spontaneous
death
in the thymus
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the form of apoptosis
(Lundin PM, Schelin
U. 1965.
Ultrastructure
of the rat
thymus.
Acta Pathol.
Microbial.
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Moreover,
stressinduced
thymic
involution,
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by
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with
massive
cell
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by apoptosis
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1971.
A study
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pyknosis
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and lymph node of the
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apoptosis
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R.St.C. Gilmore:
How does the temperature
used in
the hyperthermia
experiments
compare with that of
a hot bath?
People often immerse themselves
up to
the neck in these
for
long
periods
- what
is
happening
to their
villi
when they do this?
Authors:
For many people,
43.0°C
would
be a
comfortably-hot
bath
temperature.
Prolonged
immersion
at this
temperature
would certainly
adversely
affect
the testes
although
the small
intestine
may be partly
protected
from damage by
the large
body size
of the human,
compared
to
laboratory
rodents,
delaying
heat-transference
to
the abdomen.
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